Abstract. The alcohol dehydrogenase (ADH) family has evolved into at least eight ADH classes during vertebrate evolution. We have characterized three prevertebrate forms of the parent enzyme of this family, including one from an urochordate (Ciona intestinalis) and two from cephalochordates (Branchiostoma floridae and Branchiostoma lanceolatum). An evolutionary analysis of the family was performed gathering data from protein and gene structures, exon-intron distribution, and functional features through chordate lines. Our data strongly support that the ADH family expansion occurred 500 million years ago, after the cephalochordate/vertebrate split, probably in the gnathostome subphylum line of the vertebrates. Evolutionary rates differ between the ancestral, ADH3 (glutathione-dependent formaldehyde dehydrogenase), and the emerging forms, including the classical alcohol dehydrogenase, ADH1, which has an evolutionary rate 3.6-fold that of the ADH3 form. Phylogenetic analysis and chromosomal mapping of the vertebrate Adh gene cluster suggest that family expansion took place by tandem duplications, probably concurrent with the extensive isoform burst observed before the fish/tetrapode split, rather than through the large-scale genome duplications also postulated in early vertebrate evolution. The absence of multifunctionality in lower chordate ADHs and the structures compared argue in favor of the acquisition of new functions in vertebrate ADH classes. Finally, comparison between B. floridae and B. lanceolatum Adhs provides the first estimate for a cephalochordate speciation, 190 million years ago, probably concomitant with the beginning of the drifting of major land masses from the Pangea.
Introduction
Major increases in the number of genes have delineated key steps during evolution (for review see Lundin 1999) . It has been suggested that extensive gene duplications occurred by genome tetraploidization after the cephalochordate/vertebrate split and that this provided the flexibility to build the more complex vertebrate body plan (Garcia-Fernàndez and Holland 1994) . Moreover, gene tandem duplications (isoform burst) have been postulated to have occurred at about the same time as or immediately before the cyclostome/gnathostome split (Sharman and Holland 1996; Suga et al. 1999) . The expansion of single-copy genes in vertebrates has been dated in a variety of gene families (for reviews see Lundin 1993; Skrabanek and Wolfe 1998) . Irrespective of the mechanism, duplications are responsible for the extant gene families and isoforms from fish to mammals (Ohno 1970; Lundin 1993) and are believed to be related to the gains in complexity which have allowed the acquisition of new functions through enzymogenesis (Danielsson and Jörnvall 1992) and changes in gene regulation (for a review see Shimeld 1999) .
Comparisons with extensive sets of sequences from several gene families are being made to elucidate how vertebrate genomes evolved (Wang et al. 1998; Kumar and Hedges 1998; Hughes 1999; Wang and Gu 2000) . However, combination of the sequence data with the exon-intron structure, chromosomal location, expression domains, and other functional features would provide a more comprehensive scenario to understand gene and genome evolution.
The alcohol dehydrogenase (ADH) family belongs to a complex protein system with extensive multiplicity within the medium-chain dehydrogenase/reductase (MDR) superfamily. Different classes and isozymes of ADHs are found in the vertebrate lineage. In mammals, at least six ADH classes are known (Jörnvall and Höög 1995; Duester et al. 1999) , of which five have been characterized in human. Of these, classes 1 and 3 have been most investigated in different animal clades. The class 1 enzyme, the "classical" ethanol-active form, has evolved rapidly and exhibits a considerable variability among species (Danielsson et al. 1994a) . ADH class 3 [glutathione-dependent formaldehyde dehydrogenase (Koivusalo et al. 1989) ] is present in prokaryotes and in all eukaryotes and appears to be the ancestral form from which the other vertebrate ADH classes emerged (Danielsson and Jörnvall 1992; Danielsson et al. 1994a; Cañestro et al. 2000) through gene duplications during early vertebrate radiation. Supporting evidence comes from the apparent absence of an ethanol-active class 1 form in lines originating before the bony fish (Danielsson et al. 1994b ) and the presence of a class 1/3-mixed form in bony fish (Danielsson et al. 1992) .
To study ADH gene family expansion, we have compared the vertebrate gene classes with those found in two prevertebrates, ascidians and amphioxus. Ascidians, subphylum Urochordata, are considered the simplest chordates and a critical evolutionary link between invertebrates and vertebrates. They show compact genomes which are comparable in size to those of Drosophila and Caenorhabditis elegans. On the other hand, amphioxus, a member of the subphylum Cephalochordata, is thought to be the closest living relative to vertebrates (GarciaFernàndez and Holland 1994; Holland 1996) and therefore to be an ideal outgroup for evolutionary and phylogenetic studies of vertebrate gene families. We have characterized the Adh3 genomic structure of the urochordate Ciona intestinalis, and the cephalochordates Branchiostoma floridae and Branchiostoma lanceolatum. Analyses of gene structure, amino acid substitutions, biochemical data, and expression domains strongly suggest that class divergence took place after the vertebrate/ cephalochordate split. We estimate the first gene duplication, leading to new forms of the enzyme, to have occurred about 500 million years ago (MYA), in the early vertebrate evolution before the fish/tetrapode split. Changes in the evolutionary rate of the ancestral and the newly generated forms can be correlated with the functional evolution of vertebrate ADHs, where the ancestral ADH3 has remained biochemically constant from insects, via amphioxus to the human enzyme (Danielsson et al. 1994a; Cañestro et al. 2000) , and the newly generated forms have acquired novel activities. Finally, the chromosomal location in human and mice supports extensive isoform generation by tandem duplications rather than by large-scale genome duplications for the expansion of the ADH family.
Materials and Methods

Library Screenings and Southern Blot Analysis
A B. lanceolatum genomic library (Cañestro et al. 2000 ) and a B. floridae genomic library (kindly provided by J. Garcia-Fernàndez) were probed with [␣-32 P]dCTP B. floridae Adh3 cDNA labeled by random-hexamer priming. Total RNA from C. intestinalis was purified by the guanidinium thiocyanate method (Chomczynski and Sacchi 1987) . Synthesis of cDNA was performed with MLV/RT (Promega) and random-hexamer priming. Degenerate oligonucleotides (GA(AG)
were designed to amplify a C. intestinalis cDNA fragment of the Adh3 gene, and this fragment was used to screen a genomic library (kindly provided by M. Levine) and a cDNA library (kindly provided by R. Di Lauro).
Hybridizations for library screenings were carried out in phosphate-sodium dodecyl sulfate (SDS) solution (Church and Gilbert 1984) at 65°C overnight. Washes were done at 65°C for 2 × 15 min in 2× standard saline citrate (SSC), 0.1% SDS, and 1 × 15 min in 1× SSC, 0.1% SDS. DNA fragments from positive recombinant phages were isolated, subcloned into a pUC18 vector, characterized by restriction mapping, and sequenced in an ABI-Prism 377 DNA sequencer from PE Biosystems.
Sequence Data
The evolutionary distance, k aa , among different groups of organisms was calculated using the sequence data from the SWISS-PROT, TrEMBL, EMBL and GenBank data banks. Accession numbers of sequences are as follow. 
ADH
ADH Class 2. Homo sapiens (P08319), Mus musculus (Q9QYY9).
ADH Class 4. Homo sapiens (P40394); Mus musculus (Q64437).
Alignments, Evolutionary Distances, and Relative Rate Tests
Alignments of amino acid sequences, from Ile at position 6 to Arg at position 369 of human ADH3, were generated with the ClustalX program (Thompson et al. 1997 ) using default gap penalties, with adjustments made by eye.
The k aa value of amino acid substitutions per site (evolutionary distance) was calculated with the MEGA (Molecular Evolutionary Genetic Analysis) package (Kumar et al. 1993) for the amino acid ␥ distance, with an ␣ parameter obtained with PUZZLE version 4.0.1 (Strimmer and Haeseler 1996) . This same quartet puzzling procedure was used for the maximum likelihood calculations, following the JTT model for amino acid substitutions (Jones et al. 1992) , estimating the amino acid frequencies from the data set and taking into account the among-site rate heterogeneity. When the evolutionary distances between groups were based on more than one species, the average value of k aa was used.
Rate differences among lineages were analyzed by the "twocluster" and "branch-length" tests provided in the Lintre package (Takezaki et al. 1995) . Both tests were applied to a phylogenetic tree according to the widest accepted phylogeny (Kuma and Miyata 1994; Naylor and Brown 1997) and the ␥-corrected distribution for multiple replacements.
Results
Characterization of C. intestinalis, B. floridae, and B. lanceolatum Adh3 Genes
After library screening, restriction map analysis of B. lanceolatum, B. floridae, and C. intestinalis showed that in each case all the phages overlapped the same Adh3 genomic region. A B. lanceolatum 13-kb phage containing the complete BlAdh3 coding region was analyzed further, and intron/exon boundaries were sequenced (AF156698-AF156708). The same analysis was performed with a 15-kb phage of B. floridae (AF266713-AF266719) and a 6-kb phage of C. intestinalis (AF344173), both encompassing the entire BfAdh3 and CiAdh3 coding regions, respectively.
Exon-Intron Structure of Ascidian and Amphioxus ADH3
The exon-intron organization of CiAdh3, BlAdh3, and BfAdh3 was established by comparing the corresponding genomic clones with the C. intestinalis (AF344172) and B. floridae (AF154331) cDNA (Fig. 1A) . The CiAdh3, BlAdh3, and BfAdh3 genes consisted of 11, 11, and 10 exons, respectively. Intron sizes differed greatly between the two subphyla; the average amphioxus intron length was 0.9 ± 0.6 kb, whereas it was shorter for the ascidian, 0.2 ± 0.1 kb. In comparisons of the Adh3 exon/intron architecture of protostomes and deuterostomes, prevertebrates showed the highest number of introns (10 and 9 of the 12 introns identified; Fig. 1B ). Introns 1, 2, 7, and 9 were conserved in at least one protostome and all deuterostome species. Intron 2 showed an identical 12-nucleotide (nt) slippage in the fruit fly (Luque et al. 1994) and, in ascidians, the latter with an additional 10-nt slippage in intron 4. Drosophila subobscura is the only protostome where intron 7 has been identified (Abad 2000) . What had been considered a unique intron 6 in C. elegans could be regarded as a 29-nt slippage of intron 7. Introns 3, 4, 11, and 12 seemed to be restricted to the deuterostome lineage. B. floridae lacked intron 11, although it was present in C. intestinalis, B. lanceolatum, and all Adh vertebrate genes. Moreover, introns 5 and 8 appeared to be restricted to prevertebrates, as was intron 10 to the amphioxus lineage. Interestingly, vertebrate ADH classes 1, 2, 3, and 4 shared the same exon-intron organization (introns 1, 2, 3, 4, 7, 9, 11, and 12) (Fig.  1B) . This, together with the evolutionary and functional data, suggests that class divergence took place after the vertebrate/cephalochordate split.
Evolutionary Distances and Amino Acid Substitution Rates of Chordate ADH3 and ADH1
The evolutionary distance k aa was calculated for chordate ADH3 and ADH1 with a ␥-corrected distribution. As this method takes into account the nonuniform among-site rate variation pattern of each enzyme, it is considered the most pertinent. The low values for the ␣ parameter, 0.5 and 0.6 for class 3 and class 1, respectively, were in agreement with the structural pattern of ADHs, made of highly variable regions embedded in conserved segments along the polypeptide chains (Danielsson et al. 1994a) . The approach to saturation of amino acid substitutions was analyzed for ADH3 by plotting the frequency of observed differences vs estimated substitutions (Philippe et al. 1994) (Fig. 2A) . Although the curve starts to level off, it does not reach a plateau, meaning that the ADH3 sequences were informative and not mutationally fully saturated. Moreover, we compared the ␥-distance vs ML estimates (Roger et al. 1999 ) and very similar values were obtained (Fig. 2B) .
To evaluate the constancy of the ADH class 3 amino acid substitution rate in vertebrates and cephalochordates, the "two-cluster" and the "branch-length" statistical tests were performed, using the ascidian ADH sequence as the outgroup. The 2 values that combined all interior nodes and sequences showed no significant rate differences within vertebrates and cephalochordates (p > 0.05) ( Table 1) . Relative rate tests were also performed for the ADH class 1 enzyme. In this case, the amphioxus class 3 was used as the outgroup and a neighbor-joining tree topology was built. From the initial 23 sequences, 19 showed a constant rate of evolution (Table 1) . Amino acid substitution rates for ADH3 and ADH1 were estimated (Table 2) . Five pairs of groups were established: (a) primates/rodents, (b) reptiles/mammals, (c) amphibians/amniotes, (d) fish/tetrapods and (e) hagfish/ gnathostomes. Divergence times (T) for each pair deduced from fossil records are 65-100 MYA for a, 288-310 MYA for b, 350 MYA for c, 400 MYA for d, and 555 MYA for e (Dayhoff 1978; Archibald 1996; Benton 1997; Lee 1999; Shu et al. 1999) . Multiple calibration points were used to minimize errors (Lee 1999) because too few sequences were available for some animal groups. The average evolutionary distance for each pair was plotted against the minimal divergence time. A significant linear dependence of k aa on T was observed, with a correlation coefficient of 0.97 and 0.82 for ADH classes 3 and 1, respectively. From the slope of the regression line, the amino acid substitutions per site per year ( aa ) for ADH3 and ADH1 were estimated to be 0.27 × 10 −9 and 0.98 × 10 −9 , respectively. This 3.6-fold difference could not be assigned to differential mutation rates, since both genes showed similar rates of synonymous substitutions at the DNA level (data not shown).
Class 3/1 Duplication
The amino acid differences between class 3 and class 1 and their evolutionary rates were used to estimate the class duplication time. The amino acid distances between both classes were calculated using a ␥-corrected distribution with an ␣ of 0.8. The ␣ value was slightly higher than that obtained for each particular class (␣ ‫ס‬ 0.5 for ADH3 and 0.6 for ADH1), due to the different arrangements of the conserved regions in the proteins compared. Since class 1 has not been found in hagfish, its ADH3 data were not used for the comparison. From all the comparisons of each class 3 vs class 1 from codfish to human, an average k aa was obtained. The duplication time, estimated as T ‫ס‬ k aa /( aa -ADH3 + aa -ADH1), was 493-500 MYA. Therefore, the ADH family would have expanded after the cephalochordate/vertebrate split [682-694 MYA for ADH3 (our estimate) ( Table 2 ) and 680-700 MYA for triosephosphate isomerase and 790-860 MYA for aldolase C (Nikoh et al. 1997) ].
Discussion
Evidence in Favor of the ADH Family Expansion After the Cephalochordate/Vertebrate Split
Intron positions are relevant to elucidate gene duplication events. According to our analysis, all vertebrate ADH classes share an identical nine-exon structure (Zgombic-Knight et al. 1995; Strömberg and Höög 2000) and show marked differences from that of prevertebrates (Fig. 1B) . Several hypothetical scenarios for the ancestral exon structure and the duplication events through chordate evolution have been considered (Fig. 3) . Consistent with the most parsimonious process, the ancestral gene structure contained 11 exons and the duplication events leading to the various vertebrate classes took place after the cephalochordate/vertebrate split (Fig. 3A) . Moreover, under this hypothesis, no recurrent events would have to be postulated. Concerning the Adh3 architecture, ascidians and amphioxus show a higher number of introns but of a smaller size than those of vertebrates, in agreement with other reported genes (Boeddrich et al. 1999) . With regard to protostomes, Adh3 exhibits a lower intron number than deuterostomes and introns of a smaller size. More protostome Adh sequences should be characterized to infer the ancestral metazoan structure.
Estimates of the amino acid distances between the vertebrate ADH3 and the vertebrate ADH1 classes and of the evolutionary rates make it possible to infer the duplication event to be at about 500 MYA (Table 2) , clearly after the cephalochordate/vertebrate split (682-694 MYA), probably subsequent to the hagfish divergence (555 MYA) and before the origin of tetrapods (400 Fig. 2 . Estimates of the number of amino acid substitutions per site in ADH class 3 enzymes. A Substitution saturation curve. The y axis shows the frequency of observed differences between pairs of species sequences, and the x axis shows the inferred distance between the same two sequences determined by maximum likelihood. Each point therefore represents one pair of sequences, considering the observed over the inferred number of substitutions. The resulting curve lies between the diagonal line (no saturation) and a horizontal plateau line (fully saturated), which means that the ADH3 set is informative and only moderately saturated. B Comparison of the numbers of ADH3 substitutions per site estimated by the ␥-distance correction (y axis) versus those estimated by the maximum likelihood method (x axis). a Combines the rate differences for all the interior nodes (n) under the root, with n − 1 degrees of freedom (df). b The rat, deer mouse, and lizard are excluded.
MYA). Biochemical data also support this duplication to be restricted to the vertebrate lineage since no ethanolactive class 1 form has been detected in amphioxus (Cañestro et al. 2000) and hagfish (Danielsson et al. 1994b ).
Amphioxus ADHs: B. floridae-B. lanceolatum Speciation Remarkably, Adh3 is more similar between human and mouse than between the two amphioxus species analyzed, B. floridae and B. lanceolatum. Concerning gene structure, vertebrate species share all intron positions but this is not the case for intron 11 in amphioxus, although the other introns appear to be fully conserved (Fig. 1) . At the protein level, amino acid differences amounted to 9.3% for the amphioxus species, whereas they were only 7.2% for human and mouse. The constant evolutionary rate of ADH3 makes it possible to infer that the two amphioxus species may have diverged around 190 MYA (Table 2) , during the midsuperior Jurassic. Although such a high value would be unexpected on morphological grounds, since the two species appear very similar, it would be consistent with the human and mouse divergence time of 65-100 MYA. Moreover, similar data were obtained with cytoplasmic and muscle actin (data not shown). Speciation of the two cephalochordates-B. floridae lives along the Atlantic coast of America, whereas B. lanceolatum is found along the Atlantic coast of Europe and in the Mediterranean sea (Poss and Boschung 1996) -could have been a consequence of the drifting of major land masses, beginning around 200 MYA from the Pangea (Marzoli et al. 1999) . Therefore, it could be argued that present similarities in the two amphioxus species would not be based on recent divergence but, rather, on the absence of major morphological changes during the last 200 million years (Myr) or thereabouts. In fact, this morphological stability supports the "archetypal" organization postulated for amphioxus (GarciaFernàndez and Holland 1994) .
Relationship Between ADH Family Expansion and Vertebrate Genome Evolution
How does the ADH family expansion fit into the predicted genome duplications (the 2R hypothesis) in early vertebrate evolution? Paralogous chromosomal locations of some gene family members of the human and mouse have been argued to constitute remnants of the two or three rounds of tetraploidization (Lundin 1993). However, genes encoding the ADHs are not spread over different chromosomes but cluster in the human genome at 4q21-25 and in the syntenic region of mouse chromosome 3 (Giri et al. 1989) . Furthermore, the 2R hypothesis would predict a (AB)(CD) phylogenetic tree topology for the four resulting genes (Hughes 1999), although this does not always hold true for all gene families that were generated during early vertebrate evolution (Wang and Gu 2000) . Phylogenetic analysis of the ADH family rendered an (A(B(CD))) topology, also in agreement with the physical map of the ADH members on the human chromosome 4 (Fig. 4) . In this topology, the pattern of family expansion fits better with tandem duplication events than with whole or partial genome rearrangements assumed under the 2R hypothesis. Extensive gene duplications are thought to be responsible for the burst of isoforms during early vertebrate evolution, before the fish/tetrapode split, and probably these duplications were not directly linked to the Cambrian explosion (Suga et al. 1999) .
Functional Divergence and Evolutionary Changes
Gene duplications allow the generation of new functions (Ohno 1970; Hughes 1994) . In the ADH family, the data gathered on the structural and enzymological features of the different isoforms support the orthologous relationships derived from the phylogenetic analysis and provide valuable clues to discriminate between the ancestral and the new functions. The amphioxus ADH is a typical class 3 enzyme (Cañestro et al. 2000) , as are the octopus (Fernandez et al. 1993) , the Drosophila (Luque et al. 1994) , and the hagfish (Danielsson et al. 1994b ) forms of the enzyme. Hence, all direct analyses provide evolutionary evidence that the ancestral form of the family was endowed with ADH3 activity. Therefore, we have named the ascidian and amphioxus Adh genes Adh3. The enzymatic activity expressed as k cat /K m for this enzyme remains constant-within a factor of 3-in insects, amphioxus, and human. Moreover, the amino acid substitution rate for ADH3 remains unchanged after the duplication event, whereas ADH1 shows a 3.6-fold increase, also supported by their different branch lengths in the neighbor-joining tree (Fig. 4) . Thus, the "functional density," defined as the fraction of a polypeptide chain involved in specific functions, which is inversely related to the evolutionary rate (Zuckerkandl 1976) , could be assumed to be higher in ADH3 than in ADH1, in accordance with the classical view of a "variable" class 1 and a "constant" class 3 enzyme (Danielsson et al. 1994a) . Moreover, while the segments of maximal variation of class 1 are at functionally important regions, class 3 variability is restrained to superficial, less critical positions (Persson et al. 1993; Danielsson et al. 1994a) . In summary, the present data strengthen the concept of an ancestral position for the ADH3 activity. Some of the newly generated forms deserve further consideration. ADH4 has been assumed to be crucial in vertebrates for retinoic acid synthesis via retinol oxidation (Duester 1996) . Retinoic acid is thought to be involved in the anterior/posterior axis formation in both ascidian and amphioxus and, also, in vertebrates (reviewed by Shimeld 1996) . But the fact that amphioxus ADH3 is not a multifunctional ADH, correlated with the absence of ADH4 in lower chordates and with data on the microsomal retinol dehydrogenase of amphioxus (Dalfó et al. 2001) , points to a candidate other than ADH for carrying out the retinoic acid synthesis in animal lines in general.
Finally, in spite of the biochemical and evolutionary constancy of ADH3, changes in the promoter elements are evident when the amphioxus and vertebrate ADH3 forms are compared. Whereas a ubiquitous Adh3 expression has been shown in mouse and human (Giri et al. 1989; Ang at al. 1996; Estonius et al. 1996) , a specific expression, restricted to the midgut region, has been shown in amphioxus by in situ hybridization (Cañestro et al. 2000) . Similarly, we have found, by in situ hybridization, an Adh3 tissue specificity in Drosophila and ascidian (data not shown), much like that which has been demonstrated for other ADH classes in vertebrates. aldehyde dehydrogenase line. Proc Natl Acad Sci USA 89:9247
